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Abstract 

 

Over the past few decades, numerous sensors have been invented for the 

measurement of light intensity. In most cases, a setup external to the sensor is required 

to detect the direction of an incoming beam of light. In this work, the design, fabrication, 

and characterization of a novel light sensor is described. The three-dimensional structure 

of the sensor allows it to detect both the intensity as well as the direction of the incident 

light beam, hence becoming a vector light sensor (VLS). The sensor structure is based on 

creating photodiodes on sidewalls of miniaturized raised or inverted pyramids etched in 

silicon. Each photodiode was formed by selective doping of the material on each facet of 

the pyramid, forming a photodiode with the P-type substrate. A set of signal processing 

algorithms was developed to estimate the direction and the distance of a light source from 

the sensors. The light sensing devices with both raised and inverted pyramid structures 

were then fabricated in a cleanroom based on silicon microfabrication technologies. 

Throughout the process, the lithography step for the textured surface needed to be 

optimized. An interface circuit was designed and used to amplify and process the signals 

from the devices. The device operation was verified experimentally to estimate the 

direction of a light beam. The small size and low power consumption of the individual 

sensors make them suitable for applications were simple distance and direction estimation 

is required. The sensors can be arrayed to provide light-field information in the plane of 

sensor. 

 

Keywords:  Vector Light Sensor; PN-junction; angular light detection; nanofabrication 
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Chapter 1. Introduction 

1.1. Background 

Numerous light sensing technologies have been developed over the past several 

decades. There are numbers of applications from different designs with light sensitive 

materials. Estimation of the direction and the distance between a light source and objects 

is of great importance in many fields. Examples include driver assistance systems, 

gesture-based interfaces, collision/injury avoidance systems, security, manufacturing, 

industrial automation, etc. In a more specific case, industrial robots [1], [2] are gradually 

replacing human labor in most manufacturing situations. An industrial robot is a re-

programmable, automatically controlled and multipurpose manipulator that can maneuver 

in three or more axes. Typical applications of robots include welding, painting, assembly, 

pick and place, product inspection and testing; all accomplished with high endurance, 

speed, and precision. However, typical industrial robots are programmed and operate 

automatically. It is shown that the productivity in factories improves significantly if human 

workers can collaborate with robots along the production line. The field of robotics may be 

defined as the study, design, and use of robot systems for manufacturing. In collaborative 

environment, however, they might produce accident and injury to a human if workers are 

nearby. The initial driver for this research was the development of small-profile proximity 

sensors to improve the safety of humans in such collaborative work environments.  

Short distance light detection is currently performed through different techniques. 

Video cameras in combination with video processing software are used in many 

applications to detect, locate, and even identify humans [3]–[6]. An alternative technique 

for the detection of humans is using ultrasonic transmitters and receivers [7] since different 

environmental phenomena produce a significant amount of ultrasound noise which 

requires operation at relatively high frequencies.  

If cameras are picked as an option, their performance will be limited due to the 

inevitable blind-spots especially considering various approach angles between workers 

and robots for longer distance (i.e., >5m)  [8], [9]. Furthermore, the limited field of view of 

video cameras restricts their application in close-range interactions (i.e., <2m). On the 
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other hand, video cameras are made of optical and electronic components, making them 

fragile and bulky and limiting their applications. 

For light sensing at extended ranges with less power consumption, photoresistors 

and photodiodes [8],[9] are suitable components in designs for current commercial 

products sensors integrated with photodiodes and photoresistors were invented and 

broadly used in the industrial field. A few of the devices for detecting the direction of the 

light were developed with photodiodes in arrays sitting inside the structured enclosures or 

substrates. For example, sun sensor being used by researchers working in the space is 

created by photodiodes in arrays inside a cubic structure. All the information from the 

photodiodes has to be captured to estimate the direction (see section 2.2). In this case, 

processors have to access tens of data in real time, and they are power consuming.  

1.2. Motivation and objective 

The motivation behind this research is to develop a light-based proximity sensor 

for industrial robotic applications. Estimation of distance in this case relies on triangulation 

of the source using two vector light sensors that independently provide angles of 

inclination to a source. The devices should be able to be used in applications where it is 

necessary to estimate the distance between objects within a range of about 10cm to 5m. 

The distance estimation relies on the 3D geometry and placement of several light sensing 

elements on a pyramidical based. A macro-model of the device was fabricated and 

successfully tested within our group. The aim of this research is to produce an integrated 

sensing device with photodiodes at micro-scales to pave the way for further integration of 

such devices with each other or with active electronics.  

Using photodiodes as the main elements of the sensor fits both low power 

consuming and detecting range requirements. Currently, several devices for detecting the 

direction of light were fabricated in micro-scale but with bulky packages, for example, 

pyroelectric infrared motion sensor [12]. Also, the devices were integrated with tens of 

elements which are power consuming. As a result, the objective of this research was to 

design a silicon-based device with limited numbers of photodiodes that is able to detect 

the direction and the position of a light source.  
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The device base is a pyramid that is either raised or inverted with respect to the 

substrate with four light-sensitive areas on the pyramid sidewalls facing four different 

directions. A schematic of the vector light sensor (VLS) is shown in figure 1-1, where the 

orange areas indicate the locations sensitive to visible light sources. The four trapezoidal 

sensing areas will measure the same signal amplitude if the incident light source is normal 

to the top surface of the VLS. However, if the same light source inclines, the trapezoidal 

sensors will respond to different amounts of output amplitudes depending on the angle of 

the incoming incident light source to each sensor. As a result, it is possible to estimate the 

direction of the incoming visible light by comparing the signals from the four trapezoidal 

sensing areas. Moreover, to provide also a distance estimation of the light source, it is 

possible to use two VLS and employ a simple triangulation technique.  

The calculating method of estimation was developed with trigonometry techniques. 

In the beginning, the algorithm was proven by a prototype with four commercial 

photodiodes sitting on sidewalls of a 3D-printed raised pyramid structure.  

The next step was to implement and microfabricate the designed structure. The 

motivations for miniaturization of the device are:  

 Arrayed sensors: With one VLS device, the 3D information of one light source 

could be captured. If more than one VLS devices were arranged in array, more 

information could be extracted from the surroundings. It is necessary to downsize 

 

Figure 1-1 Cross-sectional and top views of the Raised (left) and Inverted Pyramid vector light sensors  
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the device from macro- to micro-scales if a light sensing system has hundreds of 

VLS devices.  

 Integration with electronics: After the light sensing system with VLS devices was 

implemented and fabricated into a silicon base chip, it will be wire-bonded to a 

package with desire number of pins and size. Packages with micro-scale devices 

are easier to integrate with other electronics components.  

 Large scale manufacturing: The VLS device could be used numerous applications in 

various industries. In such a case, large scale manufacturing will be one of the 

major considerations. Miniaturizing the device and manufacturing the devices with 

MEMS technologies make the process low in cost.  

The pyramid structure was created by etching silicon surface with potassium 

hydroxide (KOH) [13]–[15]. The four trapezoidal sensing areas were formed by doping N-

type material on P-type silicon substrate. 

The small size and low power consumption of the individual sensors make them 

suitable for applications were simple distance and direction estimations required. This lets 

such sensors to be integrated into many systems, including mobile computing devices. 

The arrayed sensors can provide information about the surroundings in 3D and can have 

many applications as replacements for current 3D imaging systems while providing 

opportunities for new application. The significant advantage of this technology over the 

existing solutions is its full field of view and the possibility of operation without optical 

lenses.  

1.3. Thesis outline 

The thesis is divided into six chapters as follows: 

Chapter 1 provides a general introduction of background knowledge and 

motivation of this thesis work. 

Chapter 2 discusses different light-sensitive materials and comparing different 

methods for light source detection in history. 

Chapter 3 introduces the mathematical model of the light sensing system. 
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Chapter 4 explains a step-by-step description of the micro-fabrication process 

which is developed by the author to fabricate the micro-device. Detailed process steps are 

included in Appendix A of this thesis. 

Chapter 5 provides an overview of the experimental test setup, signal processing 

for the fabricated devices, and the discussion of the testing results. 

Chapter 6 concludes the thesis by revisiting the challenges of the estimation by 

the fabricated device with specific light sources and by summarizing the major 

achievements of the research. Also, it represents perspectives of future works.  
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Chapter 2. Literature review 

The objective of the project is to detect and track a light source in real time using 

a sensing system that relies on a number of VLS to detect both the direction and intensity 

of the light from the source. There are many ways to fulfill this application such as a system 

based on orthogonal sensors, slotted structures for light passage, light waveguides and 

sensors mounted on a 3D geometry.  

2.1. Semiconductor light sensors 

Photodiode and phototransistors have been used since the 1800s for light 

detection [16]. With the rapid development of micro/nano-technologies over the past few 

decades, the devices have been improved and broadly used in the industries. Numerous 

semiconductor sensors are nowadays used for many different applications, ranging from 

ambient light sensing to optical communications.   

2.1.1. Photoresistors  

A photoresistor is a light-dependent or light-controlled variable resistor [8]. The 

resistance of a photoresistor varies with the intensity of light. The resistance increases 

with decreasing incident light intensity. Since light dependent photoresistors have lower 

sensitivity than photodiodes and phototransistors, photoresistors are broadly used for the 

applications that do not require high accuracies such as solar street light, night lamp and 

 

Figure 2-1 A commercial photoresistor [24] 
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outdoor clocks [17],[18]. There are two types of materials for photoresistors which are 

intrinsic and extrinsic [19]. Intrinsic photoresistors use undoped materials such as silicon 

or germanium [20]. Moreover, since light dependent resistors are generally designed for 

detecting lights with long wavelengths [21],[22], they are also used as IR sensors. Figure 

2-1 shows a picture of a commonly used photoresistor. 

An easy lamp control circuit without microcontroller could be made with a light bulb 

and a photoresistor in series powered by a constant voltage. The light intensity of the light 

bulb will then vary continuously with the changes of ambient light hitting on the surface of 

the photoresistor [23],[24].  

2.1.2. Photodiodes 

A photodiode is a semiconductor device that converts the energy of incident light 

into an electrical current [25]. The current is generated when photons are absorbed in the 

photodiode. Any PN junction is potentially a photodiode. The material we are using for 

fabricating the device is silicon which is a typical diode material, and the PN junction could 

detect a light source with wavelengths from 190nm to 1.1um [9]. Figure 2-2 shows the 

illustration of photo current in a pn-junction. The device in the figure is a flat PN junction 

with the P-type silicon substrate and the N-type doped region on top. Once a small voltage 

is supplied on the diode as shown, the diode will be in the reverse-bias region. Initially, 

the positive terminal attracts electrons from the N region and vice versa. Free space 

between the electrons and holes is created which is as known as the depletion region. 

Meanwhile, an electric field is formed in the depletion region from the N-side of the junction 

to the P-side. When the device is in a dark environment, there will be nearly no current 

going through the close-loop circuit except for some leakage current of the diode. 

However, when an external light energy is applied to the depletion region, the valence 

electrons gain energy. Once the valence electrons gain enough energy and break bonds 

with the parent atoms, they will become free electrons and move freely in the depletion 

region. At the same time, free electrons will accelerate and travel towards N region due to 

the internal electric field. High valence electron energy will cause high kinetic energy of 

the photo generated carriers. Therefore, the electrons will break through the depletion 

region and enter the N region. Once the free electrons enter the N region, they will be 

attracted towards the positive terminal of the power supply. Similarly, free holes will 

similarly travel towards the negative terminal. Finally, reverse-bias current will be 
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generated due to the external photon energy applied to the surface of the device. The 

higher is the light intensity incident on the surface, the higher will be the generated 

photocurrent.  

 

A standard diode equation is as followed [26]: 

𝐼𝑑 = 𝐼𝑠0 (𝑒
𝑉𝑑
𝑛𝑉𝑇 − 1) + 𝐼𝑝                                                                        (1) 

where 𝐼𝑑 is the total current of the diode, 𝐼𝑠0 is the saturation current of the diode, 𝑛 is the 

ideality factor (typically between 1 and 2), and 𝐼𝑝 is the photocurrent which is varying with 

the change of light intensity. The saturation current, 𝐼𝑠0 , is a function of carrier 

concentration, N-type and P-type doping concentrations and the size of the device. Under 

reverse-bias conditions, the current through the diode will be essentially constant at       

𝐼𝑑0 ≈ −𝐼𝑠0 regardless of the voltage drop across the diode, (up to about the breakdown 

region). Therefore, the only component that can vary is the diode current with the number 

of incident photons, 𝐼𝑝. There is an essential parameter of a photodiode, which is called 

quantum efficiency [26]. The quantum efficiency of a photodiode is its ability to convert 

photon energy into electrical energy, often percentage. The expression is shown below 

[9]: 

𝜂 =
𝑟𝑒

𝑟𝑝
=

# 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑎𝑠 𝐼𝑝/𝑠𝑒𝑐

# 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠𝑒𝑐 𝑜𝑟 𝑝ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥
× 100                                                                          (2) 

 

Figure 2-2 Illustration of photo current in a PN-junction 
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Simply put, quantum efficiency is the percentage that a photodiode can transfer photon 

energy to electrical energy. Moreover, this parameter depends on the diode structure, its 

thickness, doping, geometry, and so on. The total electric current converted from photon 

energy will be: 

𝐼𝑝 = 𝑒𝑟𝑒 = 𝑒𝜂𝑟𝑝                                                                                              (3) 

where 𝑒 is the charge of an electron. As a result, the photocurrent through a diode is 

directly proportional to the intensity of incident light.  

2.1.3. Charge-coupled Devices 

A charged-coupled device (CCD) [27] is a device stores and displays data of an 

image by converting the optical information into electrical charge. The difference between 

CCD and photodiode is that CCD is converting photon energy into electronic charge and 

CCD can store the information as digital value. There are different kinds of CCDs for 

different application, but they can all be defined merely as a charge transfer device [28]. 

The simple working principle of the device is demonstrated in Figure 2-3 which shows one 

of the CMOS devices formed in arrays for the CCD. With different combination of the 

voltage applied to the gate terminal, different transfers of change packets were created 

accordingly. The sequence of voltages is sampled, digitized and then stored in memory 

for the application of digital camera nowadays.  

 

Figure 2-3 Structure and working principle of CCD 

 

 



10 

2.2. Current approaches for detection of light direction 

2.2.1. Systems using a slot for light passage 

Sensor systems based on the slot for light passage were invented in the past with 

light sensors on the same plane for detecting the direction of a light source. Figure 2-4 

shows the cross-section for one of the examples for such a system by Zivkovic et al. in 

2014 [29]. The integrated sensor chip package was fabricated with a four by four matrix 

of photodiodes. The light blocking material has a square-shaped opening to allow light to 

pass through. With light sources from different directions, different output combinations 

would result from the photodiodes on the substrate. An integrated circuit (IC) was also on 

the substrate with the photodiodes in the body of the device. Finally, the data was exported 

to an external microcontroller and processed to calculate the direction of the light beam. 

Based on the combination of the array, the size of the opening and the vertical distance 

between the substrate and the opening, the direction of the light from a given source could 

be estimated.  

For distance estimation from the light source to sensor, a modification was done 

as shown in Figure 2-5. An extra set of photodiodes packaged array was added. 

Therefore, two more variables were known for the estimation: another direction of the light 

source regarding to the additional sensor, and the distance between the centers of the two 

openings. With the three values, the distance between the light source and the sensor 

could be calculated by using trigonometry [30]. 

 

 

Figure 2-4 Top view (left) and cross-section (right) of slotted light sensor 
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2.2.2. Systems based on light waveguides 

One of the most popular methods to track and detect a light source is based on 

spherical sensors with multiple detectors in front of waveguides.  

An optical waveguide is a structure that transport energy at wavelengths of the 

electromagnetic spectrum [31]. Waveguides been used with different materials for 

different applications:  

Lens waveguides: Light beams can be formed and propagated by a system created by 

lenses and mirrors [32].  

Metallic waveguides: Usually being used as a tool for extreme confinement of TeraHertz 

surface waves [33]. 

 

Figure 2-5 Top view of light sensor with slot for light passage 
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Dielectric waveguides: Currently, the most popular method to make waveguides because 

of the very low absorption and scattering losses during the transportation of light [34]. The 

waveguides exist in two different forms: Planar dielectric film waveguides (1D-guiding) and 

cylindrical fiber waveguides (2D-guiding).   

A typical application of dielectric waveguides is Pyroelectric Infrared sensor (PIR). Most 

of the PIR sensors are covered by a shield with multiple waveguides on semi-spherical 

3D models. Figure 2-6 shows the picture of a commercial PIR motion sensor. 

The waveguides are distributed in arrays to make the pyroelectric sensor inside 

the shield be able to detect human-radiated IR waves from different space segments 

within 5 to 10 meters. Many of the PIR sensors are bundled with light bulbs and 

microcontrollers so that they can be used as motion sensing light switches for night time 

use. However, the sensors mentioned above are with low precision and accuracy base on 

the materials of the sensors and the requirements for the applications.  

 

Figure 2-6 PIR motion sensor 
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2.2.3. Systems based on sensors mounted on 3D structures 

Another method to detect the direction of a light beam is to use light sensors that 

collect light from different directions and then compute the direction based on the relative 

amounts of light received by each sensor. Sun sensors that are used for space travel are 

well-known examples of such devices  [35]–[37]. Figure 2-7 indicates the structure of the 

light sensing system. The application of the sun sensor is to only detect the direction of 

the sun as the dominant light source. It is an extension of the sensor mentioned in section 

2.2.1. Instead of recognizing the light source in the semi-spherical coordinate, the sensor 

can detect the direction and the location of the sun. As shown in Figure 2-7, the sun sensor 

has a cubic shape. There are light sensing materials mounted on each sidewall of the 

cube. Similarly, the information of the sun could be detected with the combination of the 

outputs from sensors on sidewalls facing different directions.  

2.2.4.  Prototype with a pyramid base 

A system that mount sensors on a 3D geometry was developed by graduate 

students from Intelligent Sensing Laboratory in 2016 as a macro-scale model for the 

current micro-fabricated sensor [38]. A 3D geometry model was designed by Solidworks 

and created by the 3D printing machine. Figure 2-6 shows the developed 3D raised 

pyramid structure for the light sensing device. The width of the pyramid structure was 1cm 

by 1cm, and the height was 0.5cm. 

 

 

 

 

 

 

Figure 2-7 Structure of a sun sensor 

 

 

 

Light sensitive area 
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The holes on the sidewalls of the pyramid were for the terminals of photodiodes 

going through the construction and connected on either a breadboard or a printed circuit 

board. Four manufactured photodiodes were mounted on sidewalls of the pyramid by 

carbon tapes. The angles between the sidewalls and the horizon were 45° instead of the 

fabricated device introduced in Chapter 3 to have a broader range of detection.  

The primary working mechanism of a photodiode is that the reverse bias current 

varies with the changing of the light intensity impeding on the surface of itself [39]. By 

comparing a pair of photodiodes facing opposite directions and on the same pyramid, the 

2D directional angle to the source could be estimated.  

Modification of the device modeling and the equations for calculation of 2D vertical 

distance estimations, 3D direction estimations and 3D positions estimates are all based 

on the results calculated from equations developed with this device. Details of the 

algorithm are introduced in chapter 3.  

Figure 2-9. A shows the schematic of the system, and Figure 2-9.B is a screenshot 

of the assembled photodiode-based vector light sensor [40]. Eight photodiodes are 

connected in parallel to a power source. Each photodiode is connected to a set of 

components including op-amp and an NPN BJT as shown in Block A. Photodiode D1 is 

placed on a flat surface while four photodiodes are placed on pyramids 1 and 2. Each 

 

Figure 2-8 3D geometry of vector light sensor 
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photodiode is connected to a set of components similar to Block A components B shows 

an image of photodiodes on a 3D printed pyramid.  

 

From the schematic diagram, D1 is a reference photodiode for detecting the 

background light. The current generated by D1 flowed through R1 and transferred into 

voltage. The output voltage was then read by the analog-to-digital converter of an Arduino 

board. Meanwhile, the digital-to-analog converter of the board produced a voltage on one 

side of R3 in real time. D/A voltage kept on increasing until A/D input was zero. This 

method canceled out the current generated due to the background light. After the 

cancellation of the background light, all the outputs from photodiodes on the pyramid were 

collected by Arduino A/D and used for the angular estimation algorithm in real time.  

 

 

Figure 2-9 Working mechanism of VLS system [33] 

 

 

 

1cm 
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Chapter 3. Operating Principle 

This chapter discusses the primary mechanisms to detect the direction and 

distance to a light source by using one or two pyramid structures and several PN diodes. 

The main approaches for the light sensing will be: 

1) Detecting the 2D direction of a light source which is the angle between the 

incident light and the horizontal axis by comparing the output signals of the PN 

diodes facing two opposite directions from a single pyramid structure.  

2) Detecting the 3D direction of a light source with the sensor by comparing 

all the four photodiodes sitting on each side of a single pyramid structure. 

3) Detecting the actual coordinate of a light source in the 3D space by using 

two pyramids at a certain distance.  

Figure 3-1 shows the 3D view and the top view of the pyramid structure for the 

designed light sensor. As we can see, each sensor is a three-dimensional structure having 

four light sensitive surfaces that face predetermined directions.  

 

 

Figure 3-1 The 3D structure of VLS 
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3.1. Detecting the 2D direction of a light source 

3.1.1. Operating principles 

As discussed in section 2.1.2, the ratio of the photocurrents between diodes is the 

same as the ratio of the incident photon energy or the flux of light applied at the diodes. 

Furthermore, by comparing the output signals from the diodes, we could backtrack and 

calculate the estimated position of a light source. Figure 3-2 indicates the 2D model of the 

light sensor. α is the angle between a detector sitting on a sidewall of the pyramid and the 

horizontal axis. Throughout the project, the value of α will be 54.75° since the fabrication 

procedure for creating the pyramid structure will use potassium hydroxide silicon etching 

[41]. We assume the light rays are parallel and uniformly applied on the sensor. β 

represents the angle between the incident beam of light and the horizon.  

 

Moreover, 𝐴𝑠 represents the sensing area of each photodiode and 𝐼𝑖𝑛 is the light 

intensity of the source which is assumed to be uniform over the sensor area. The powers 

of light on both photodiodes 𝑃𝑙,𝑖𝑛𝑐 and 𝑃𝑟,𝑖𝑛𝑐 can be represented by  𝐴𝑠, 𝐼𝑖𝑛, α and β: 

{
𝑃𝑙,𝑖𝑛𝑐 = 𝐴𝑆 𝐼𝑖𝑛 sin(𝛽 + 𝛼) 

𝑃𝑟,𝑖𝑛𝑐 = 𝐴𝑆 𝐼𝑖𝑛 sin(𝛽 − 𝛼)
                                                                                                 (4) 

 

 

Figure 3-2 2D light direction estimation 
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Taking a ratio between 𝑃𝑙,𝑖𝑛𝑐 and 𝑃𝑟,𝑖𝑛𝑐: 

𝑅𝑙𝑟 =
sin(𝛼+𝛽)

sin(−𝛼+𝛽)
                                                                                        (5) 

With this model, we call the diode current captured from the diode on the left side 𝐼𝑙𝑒𝑓𝑡 

and the other one 𝐼𝑟𝑖𝑔ℎ𝑡. Since the power of incident photons is proportional to the 

photocurrent, therefore: 

𝑅𝑙𝑟 =
𝐼𝑙𝑒𝑓𝑡

𝐼𝑟𝑖𝑔ℎ𝑡
=

sin(𝛼+𝛽)

sin(−𝛼+𝛽)
                                                                                              (6) 

The next approach is to solve the equation so that β can be an expression regarding α 

and right-left currents ratio. 

𝑅𝑙𝑟 =
sin(𝛼+𝛽)

sin(−𝛼+𝛽)
=

sin(𝛼+𝛽)

sin(𝛼+𝛽−2𝛼)
=

sin(𝛼+𝛽)

sin(𝛼+𝛽) cos(2𝛼)−sin(2𝛼)cos (𝛼+𝛽)
                                   (7) 

Re-arrange the equation (7): 

𝑅𝑙𝑟 sin(𝛼 + 𝛽) cos(2𝛼) − 𝑅𝑙𝑟 sin(2𝛼) cos(𝛼 + 𝛽) = sin (𝛼 + 𝛽)                             

sin(𝛼 + 𝛽) (𝑅𝑙𝑟 cos(2𝛼) − 1) = 𝑅𝑙𝑟 sin(2𝛼) cos(𝛼 + 𝛽)  

Moving ratios to the same side: 

cos(𝛼+𝛽)

sin(𝛼+𝛽)
= cot (𝛼 + 𝛽) =

𝑅𝑙𝑟 cos(2𝛼)−1

𝑅𝑙𝑟 sin(2𝛼)
                                               (8) 

Therefore, 𝛽 could be expressed as: 

𝛽 = cot−1 (
𝑅𝑙𝑟 cos(2𝛼)−1

𝑅𝑙𝑟 sin(2𝛼)
) − 𝛼   

However, the domain of acot(x) function is 𝑥 ≠ 0. Unfortunately, it is possible that the ratio 

of the diodes 𝑅𝑙𝑟 =
1

cos (2∝)
 which will make the function undefined. Therefore, an alternate 

expression from equation (8) is derived: 

tan (
𝜋

2
− (𝛼 + 𝛽)) =

𝑅𝑙𝑟 cos(2𝛼)−1

𝑅𝑙𝑟 sin(2𝛼)
  

Finally, 
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𝛽 =
𝜋

2
− 𝛼 − atan (

(𝑅𝑙𝑟 cos(2𝛼)−1)

𝑅𝑙𝑟 sin(2𝛼)
)                                                           (9)  

3.2. Detecting the 3D direction of a light source 

To estimate and represent the direction of a light source in the 3D space, spherical 

coordinates could be applied. Figure 3-3 shows the spherical coordinates (r,θ,φ) as 

commonly used in physics: radial distance r, polar angle θ (0°<θ<180°) and azimuthal 

angle φ (0°<φ<360°)) [42]. The sensor is located at the origin of the coordinates, and the 

diode facing to the North of the pyramid is pointing the positive x-axis direction.  

 

Figure 3-3 Detection of the direction of light in 3D space in spherical coordinates 

 

Using the opposite pair of sensors on the pyramid, we can estimate the 2D angle 

β as introduced in the previous section. Therefore, with one pyramid, there will be two 

angles generated when detecting a light source which is from the one calculated with 

North-South diode pair, and the one with West-East. For convenience, we will name the 

two angles 𝛽𝑛𝑠 and 𝛽𝑤𝑒. By using the pair of information, we can estimate both θ and φ. 

The distance r could be calculated only if another pyramid is included with a certain 
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distance from the pyramid at the origin. The distance estimation will be introduced in the 

upcoming section.  

3.2.1. Estimating the angle ϕ 

 

Figure 3-4 Angles 𝜷𝒏𝒔 and 𝜷𝒘𝒆 in spherical coordinates 

 

Figure 3-4 shows that the two angles 𝛽𝑛𝑠 and 𝛽𝑤𝑒 are basically the projections of 

the actual light source on the yz-plane and the xz-plane respectively. In another word, for 

𝛽𝑛𝑠  estimation, the ratio of the signals from the diodes on the North and the South is 

regardless of the y-axis related information about the light source, similar for the 𝛽𝑤𝑒 . 

Therefore, if and only if the projection of the light source on the xy-plane is located at the 

first Quadrant as shown in Figure 3-5, and also the representation of the light source 

location is (x,y,z), then the angle ϕ will be: 

φ = tan−1 (
y

x
)                                                                                                                 (10) 

φ 
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and 

{
𝑦 =  

𝑧

tan(𝛽𝑤𝑒)

𝑥 =  
𝑧

tan(βns)

                                                                                                                (11) 

Plugging (13) into (12),  

φ = tan−1 (
tan(βns)

tan(βwe)
)                                                                                                     (12) 

 

Figure 3-5 Quadrants in XY-plane 

 

However, equation (14) will only satisfy the estimation if both the angles 𝛽𝑛𝑠 and 

𝛽𝑤𝑒  are less than or equal to 90°. Therefore, for the other cases, the reference angle 

method will be applied from the trigonometry [43]. By the definition, for a non-quadrantal 

angle in standard position, its reference angle is the actual angle formed by the terminal 

side of and the horizontal axis. Table 3-1 lists the corresponding reference angles for the 

actual angles (in the table the angle is called Ɵ) at all the quadrants: 
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Table 3-1 Reference angle calculation 

Quadrant Reference angle for Ɵ 

I Same as Ɵ 

II 180° - Ɵ 

III Ɵ - 180° 

IV 360° - Ɵ 

 

The strategy for estimating φ is first to convert the angles 𝛽𝑛𝑠 and 𝛽𝑤𝑒 into their 

reference angles respectively, which will be 𝛽𝑛𝑠𝑟𝑒𝑓 and 𝛽𝑤𝑒𝑟𝑒𝑓. The next step is simply 

plugging these angles into equation (14) by substituting the angles 𝛽𝑛𝑠 and 𝛽𝑤𝑒 as 

shown below: 

φref = tan
−1 (

cot(βweref)

cot(βns𝑟𝑒𝑓 )
 )                                                                                                         (13) 

Table 3-2 Algorithm for finding φ 

𝛃𝐧𝐬 𝛃𝐰𝐞 Quadrant Located φ= 

<=90° <=90° I tan−1 (
cot(βwe)

cot (βns)
 ) 

>=90° <=90° II π − tan−1 (
cot(βwe)

cot (𝜋 − βns)
) 

>=90° >=90° III tan−1 (
cot(𝜋 − βwe)

cot (𝜋 − βns)
) − 𝜋 

<=90° >=90° IV 2π − tan−1 (
cot(𝜋 − βwe)

cot (βns)
) 
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Finally, the angle φ  will be determined based on the information about which 

quadrant the projection of the light source on the XY-plane is located from the values of 

the angles 𝛽𝑛𝑠 and 𝛽𝑤𝑒.  

Table. 3-2 lists the final algorithm of finding the angle φ as an expression of  𝛽𝑛𝑠 and 𝛽𝑤𝑒.  

 

 

Figure 3-6 demonstrates the reliability of the algorithm by simulating the result in 

Matlab. In the simulation the angles 𝛽𝑛𝑠 and 𝛽𝑤𝑒 are sweeping from 60° to 120° which are 

the corresponding x-axis and y-axis in the Figure Also the estimated angle φ is shown on 

the z-axis as the result. As a result, φ  is changing from 0° to 360° smoothly and 

continuously with the changing of 𝛽𝑛𝑠 and 𝛽𝑤𝑒.  

 

 

Figure 3-6 Matlab simulation of 𝝋 estimation 

 

Calculated 𝜑  
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3.2.2. Estimating the angle θ 

The angle θ represents the angle between the arm from the origin through the light 

source and the z-axis as shown in Figure 3-7. First of all, the expression of the angle θ 

can be represented by the length of the arm r and the vertical height of the light source z: 

θ = cos−1 (
𝑧

𝑟
)                                                                                                              (14) 

Neither z nor r are known in the equation. Therefore substitutions for z and r are 

necessary. By using the definition of the Pythagorean theorem [44], the sum of the areas 

of the two squares on the legs (𝑥0 and 𝑦0) equals the area of the square on the hypotenuse 

(r projecting on xy-plane, 𝑟𝑥𝑦0). For the right angle OAB,  

𝑟𝑥𝑦0 = √𝑥0
2 + 𝑦0

2                                                                                    (15)    

Moreover, by applying the Pythagorean theorem for the right angle ODC, we have 

 

Figure 3-7 Estimating 𝜽 by using Pythagorean theorem 
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𝑟0 = √𝑟𝑥𝑦0
2 + 𝑧0

2                                                                                                     (16) 

Combine equations (16) and (17):  

𝑟 = √𝑥0
2 + 𝑦0

2 + 𝑧0
2                                                                                      (17) 

Also, from Figure 3-4, the relationship between x, y, and the angles 𝛽𝑛𝑠, 𝛽𝑤𝑒 could be 

expressed as: 

𝑦 =  
𝑧

tan (βwe)
= 𝑧 ∙ cot(βwe)                                                                               (18) 

 𝑥 =  
𝑧

tan (βns)
= 𝑧 ∙ cot(βns)                                                                                                                          (19) 

Insert equations (20) and (21) to (16): 

θ = cos−1 (
𝑧

√(𝑧 cot(βns))
2+(𝑧 cot(βwe))

2+𝑧2
)  = cos−1 (

1

√(cot(βns))
2+(cot(βwe))

2+1
)                (20) 

 

Figure 3-8 Matlab simulation of 𝜽 estimation 

 

Calculated θ 
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Similarly, Figure 3-8 demonstrates the reliability of the algorithm by simulating the 

result in Matlab. In the simulation the angles 𝛽𝑛𝑠 and 𝛽𝑤𝑒 are also sweeping from 60° to 

120° which are the corresponding x-axis and y-axis in the Figure Also the estimated angle 

θ is shown on the z-axis as the result. As a result, θ is changing from 0° to 35° smoothly 

and continuously with the changing of 𝛽𝑛𝑠 and 𝛽𝑤𝑒 which is the ideal result coming from 

the physical model.  

 

3.3. Detecting the position of a light source in 3D space 

3.3.1. Detecting vertical distance from the sensor of a light source 

Based on the finding from previous sections, the direction of a light source could 

be identified with one pyramid structure. An additional pyramid with a certain distance from 

the first one could help to find the vertical distance from the light source to the ground level 

the pyramids sitting. An additional sensor was placed on the y-axis with a distance L from 

the first pyramid at the 3D coordinate. Figure 3-9 shows the projection of a light source on 

yz-plane. Since there are two sensors, we call the 2D angles detected by the original 

sensor 𝛽𝑤𝑒1 and 𝛽𝑛𝑠1. The angles detected with the same algorithm by the second pyramid 

were called 𝛽𝑤𝑒2 and 𝛽𝑛𝑠2. We also define the distance between the original pyramid and 

the normal line of L through the light source L1.  

 

Figure 3-9 Method for finding vertical distance of a light source 
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From the figure, the relationship between the detected angles, L1 and L can be: 

cot(𝛽𝑤𝑒1) =
𝐿1

𝑍
    

 cot(𝜋 − 𝛽𝑤𝑒2) =
𝐿−𝐿1

𝑍
  

Or 

𝐿1 = 𝑍 cot(𝛽𝑤𝑒1)  

𝑍 cot(𝜋 − 𝛽𝑤𝑒2) = 𝐿 − 𝑍 cot(𝛽𝑤𝑒1)  

Therefore,  

𝑍 =
𝐿

cot(𝛽𝑤𝑒1)+cot (𝜋−𝛽𝑤𝑒2)
                                                                              (21) 

Similarly, if the additional pyramid is placed on the x-axis with a distance L, then  

cot(𝛽𝑛𝑠1) =
𝐿1

𝑍
    

 cot(𝜋 − 𝛽𝑛𝑠2) =
𝐿−𝐿1

𝑍
 

Or  

𝐿1 = 𝑍 cot(𝛽𝑛𝑠1)  

𝑍 cot(𝜋 − 𝛽𝑛𝑠2) = 𝐿 − 𝑍 cot(𝛽𝑛𝑠1)   

Therefore, 

 𝑍 =
𝐿

cot(𝛽𝑛𝑠1)+cot (𝜋−𝛽𝑛𝑠2)
                                                                          (22) 

3.3.2. Detecting the position in 3D space 

From section 2.2.2, the relationship between the location of a light source in XYZ 

coordinates and the angles estimated by the original pyramid sensor could be modified 

from equation (21): 
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{
𝑥 = z cot (βns)
𝑦 = 𝑧 cot (βwe)

𝑧 = 𝑧

                                                                                      (23) 

Substitute equation (23) into (25), finally the coordinate was expressed: 

(x,y,z) = 

{
 
 

 
 

𝐿 cot(𝛽𝑛𝑠1)

cot(𝛽𝑤𝑒1)+cot (𝜋−𝛽𝑤𝑒2)

𝐿𝑐𝑜𝑡(𝛽𝑤𝑒1)

cot(𝛽𝑤𝑒1)+cot (𝜋−𝛽𝑤𝑒2)

𝐿

cot(𝛽𝑤𝑒1)+cot (𝜋−𝛽𝑤𝑒2)

                                                                                              (24) 

Similarly, if the additional pyramid is placed on the x-axis with a distance L, then  

(x,y,z) = 

{
 
 

 
 

𝐿 cot(𝛽𝑛𝑠1)

cot(𝛽𝑛𝑠1)+cot (𝜋−𝛽𝑛𝑠2)

𝐿𝑐𝑜𝑡(𝛽𝑤𝑒1)

cot(𝛽𝑛𝑠1)+cot (𝜋−𝛽𝑛𝑠2)

𝐿

cot(𝛽𝑛𝑠1)+cot (𝜋−𝛽𝑛𝑠2)

                                                                             (25)       

3.4. Inverted pyramid and its mathematical model 

A similar device can be made using an inverted pyramid structure (shown in figure 

3-10), where the sensors are mounted on the inside walls of a pyramid carved from the 

 

 

Figure 3-10 Direction estimation in 2D with inverted pyramid 
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substrate. Similar to equation (4), The powers of light on both photodiodes 𝑃𝑙,𝑖𝑛𝑐 and 𝑃𝑟,𝑖𝑛𝑐  

represented by  𝐴𝑠, 𝐼𝑖𝑛, α and β are: 

{
𝑃𝑙,𝑖𝑛𝑐 = 𝐴𝑆 𝐼𝑖𝑛 sin(𝛽 − 𝛼) 

𝑃𝑟,𝑖𝑛𝑐 = 𝐴𝑆 𝐼𝑖𝑛 sin(𝛽 + 𝛼) 
                                                                                               (26) 

The ratio between 𝑃𝑙,𝑖𝑛𝑐 and 𝑃𝑟,𝑖𝑛𝑐 is: 

𝑅𝑟𝑙 =
sin(𝛼+𝛽)

sin(−𝛼+𝛽)
=

𝐼𝑟

𝐼𝑙
                                                                                                        (27) 

Similarly, the estimated β is: 

𝛽 =
𝜋

2
− 𝛼 − atan (

(𝑅𝑟𝑙 cos(2𝛼)−1)

𝑅𝑟𝑙 sin(2𝛼)
)                                                           (28)  

For angle estimations in 3D and distance estimation, the inverted pyramid shares 

the same equations with the raised pyramid which were mentioned in section 3.2 and 

section 3.3.  
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Chapter 4. Fabrication Process 

The VLS structure and operation principle was introduced in section 2.2.4 and 

Chapter 3 respectively. The macro-model prototype was fabricated and tested 

successfully as mentioned in the previous chapter. This chapter is about miniaturization 

with the motivation coming from the pyramid structures that can be easily created on 

silicon and mass-manufactured. 

4.1. Microfabrication steps 

The vector light sensor (VLS) is fabricated through a combination of four pn-

junctions on a pyramid 3D structure created by potassium hydroxide etching of a silicon 

wafer. The main steps for the procedure will be the following: 1) Silicon etching for 3D 

pyramid structure, 2) N-type dopant implantation, 3) metallization and 4) Packaging. The 

fabrication process was completed in the cleanroom in Engineering Science department 

and the one in 4D Labs at Simon Fraser University.  Figure 4-1 demonstrates the most 

critical procedures of the fabrication.  

 

Figure 4-1 Main steps for the device fabrication. Note that passivation steps are 
skipped for brevity. 
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As shown in the above, the process started with a plain P-type wafer. Silicon 

dioxide was created uniformly as a mask layer for silicon etching. After the 3D silicon 

structure was etched, all the oxide was etched away, and a new layer of oxide was grown 

for N-type doping patterns. Similarly, the oxide mask was etched after the dopant were 

implanted through the opening surface. The dopants are activated during a subsequent 

oxidation step, achieving the same function as annealing. The third lithography step was 

to create an opening for contact vias. The fourth lithography then was for metallization (lift-

off). All the oxidation procedures were done at the Engineering Science cleanroom, the 

rest of the fabrication process was completed inside 4D Labs. The four chromium masks 

for lithography were designed using CoventorWare 10.2 and manufactured at 4D Labs. 

Four masks were created by CoventorWare Layout Editor which are named Pyramid 

Mask, Doped Mask, Vias Mask, and Metal Mask respectively. Figure 4-2 shows the 3D 

structure of the device by using the process simulation with CoventorWare Solid Model 

Builder. The size of the trench was designed to be 100µm by 100µm. The height difference 

between the metal surface and the etched trench is 20µm. The sensitive region will be on 

the <111> planes which side walls of the inverted pyramid as shown in Figure 4-2. Details 

of each process step will be mentioned in the following sections and Appendix A. 

4.2. Fabrication steps 

4.2.1. P-type silicon substrate selection 

To create a pyramid structure by using silicon wet etchant, a silicon wafer with 

<100> is required. Base on the mechanism of KOH etching of silicon <100> surface [41], 

<111> planes will be created as side walls of the inverted pyramid structure which is 54.78⁰ 

 

Figure 4-2 3D Structure Device Simulation 

 

 

 



32 

with the surface. The other main concern is the initial dopant of the wafer itself. Since P-

type substrate is used for the device, prime silicon wafer with Boron as the dopant was 

chosen. The wafer was picked with 0.1 – 0.2 Ohm.cm resistivity. Table 4-1 shows the 

main parameters for the selected silicon wafer. 

 

Table 4-1 Specifications of a silicon wafer provided by the manufacturer 

Diameter Type/ 

Dopant 

Resistivity Orientation Thickness Surface/Back 

Side 

100±0.5mm P/Boron 0.1-0.2 

Ohm.cm 

<100>±0.5 

deg 

525±25 µm Polished/ Lapped, 

Etched 

 

 

Figure 4-3 Fabrication process steps: Thermal oxidation and photoresist deposition 
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4.2.2. Thermal oxidation 

The silicon substrate was patterned and etched by KOH and TMAH solutions for 

the pyramid structure. During the etching, silicon dioxide will be the mask on top of the 

silicon surface. Therefore, initially, a layer of high-quality silicon dioxide was uniformly 

formed by thermal oxidation with the furnace in the cleanroom from the school of 

Engineering Science. The desired oxide thickness for the mask was 550nm based on the 

etching rate of KOH for both silicon and silicon dioxide. Before the oxidation procedure, 

standard RCA-1 and RCA-2 cleaning were performed on the plain wafer. Wet oxidation 

was operated at 1100⁰C for 55 minutes in order to grow 550nm oxide [45],. The color of 

the wafer surface turned into dark green. By reading the silicon dioxide table [46], the 

thickness was estimated as 550nm. The thickness of the silicon dioxide was measured by 

reflectometer in 4D Labs as 530nm.  

 

4.2.3. Lithography for mask #1 

Figure 4-3 and figure 4-4 shows the steps creating the oxide mask for etching 

silicon. After the oxidation, AZ-703 photoresist was used as the UV light-sensitive material. 

That is, the area exposed to UV light will be sensitive to the developing solution and will 

be stripped off from the deposited area. Before depositing the photoresist, HMDS was 

spun on the surface to improve the adhesion between the surface of the silicon dioxide 

and the photoresist [47]. A few drops of the HMDS solution in a container was placed next 

to the silicon wafer inside the HMDS chamber under vacuum for 5 minutes. Following the 

recipe from the AZ703 User Manual, the photoresist was deposited on the surface with 

the spin coater at 3000 rpm for 60 seconds [48]. The transparent part of the mask will 

allow the substrate to be exposed under the UV light so that the photoresist will be 

removed by AZ300 developer. A post exposure bake was done at 110⁰C for 1 minute to 

make the unexposed photoresist more resilient during the development process. The 

exposed wafer was placed in the developer for 60 seconds with constant agitation. The 

completed developed photoresist mask is now ready for oxide etching. Moreover, the 

thickness of the photoresist was measured as about 1um with profilometer by scanning 

across the un-stripped and stripped photoresist areas.  
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4.2.4. Etching the oxide layer 

A post-development bake was done at 110⁰C for 1 minute to increase the 

sustainability of the photoresist mask during the 𝑆𝑖𝑂2etching process. The etching rate for 

silicon dioxide with the BOE solution was calculated by 4D Labs staffs as 6.5Å/s. The 

wafer was dipped into a buffered hydrofluoric acid for 9 minutes and 30 seconds (with 

20% over etching required) to etch away the oxide on the open area. During the oxidation 

process, both front and back sides of the wafer were oxidized. Therefore, the oxide etching 

would be complete if the back side of the wafer was hydrophobic. At the end, the 

photoresist was stripped by acetone and rinsed in IPA.  

4.2.5. Etching the substrate 

Figure 4-5 shows the steps etching the silicon substrate. The wafer was placed 

into 865ml of 30% KOH solution diluted with DI water. The solution was heated to 80⁰C, 

 

Figure 4-4 Fabrication process steps: Thermal oxidation and photoresist deposition 
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then 150ml of IPA was added into the solution. The solution was stirred with a magnetic 

spinner. After the wafer was under the solution for 20 minutes, it transferred to the TMAH 

solution at 90⁰C for 3 minutes. TMAH has much lower etch rate than KOH[49]. However, 

the reaction is much more moderated. Finishing the etching process with TMAH etchant 

resulted in a smoother surface on the device. After the TMAH etching, the height of the 

pyramid created was measured by profilometer as 20.5µm. All the recipes for KOH and 

TMAH etching were optimized by using a test wafer before the main wafer was proceeded. 

Appendix A describes all the critical parameters for the silicon etching process with KOH 

and TMAH solutions. After the etching process with both solutions, the wafer was rinsed 

in DI water for 3 minutes. At the end, all the silicon dioxide was stripped by BOE for 9 

minutes and 30 seconds, and both sides of the wafer were observed to be hydrophobic. 

After the oxide was etched, the valley was scanned under profilometer, and the depth of 

the valley was 20µm.  

 

Figure 4-5 Fabrication process steps: Silicon etching, oxide etching and oxidation 
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4.2.6. Oxidation for Mask #2 

A same thermal oxidation procedure as section 3.1.2 was repeated to create the 

oxide mask for the second lithography.  

4.2.7. 3D lithography for Mask #2 

Since there are 20um trenches everywhere on the surface of the wafer, the spin 

coating will not be a feasible option to deposit photoresist anymore. The structures on the 

wafer will break the uniformity by blocking the photoresist traveling from the center to the 

side of the wafer during its spinning. Therefore, a spray coating method will be applied 

with the spray coater in 4D Labs (Figure 4-6). This process needed a significant amount 

of trial and error to produce repeatable results as described in section 4.4. An HMDS 

priming was done for 5 minutes before the spraying. The photoresist was still AZ-703 but 

it was diluted 1:1 with solvent. The solution was transferred to a syringe and connected to 

the nozzle of the spray coater through the tube. Six layers of photoresist were sprayed on 

the wafer, three scanned vertically and three horizontally. The detail of the recipe is 

provided in Appendix A. After the procedure, the wafer was baked on a hot plate at 90°C 

for 5 minutes. The reason for increasing the time of the soft bake is to make sure that all 

the solvent is evaporated from the wafer.  

 

Figure 4-6 Spray coater 
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The wafer with the photoresist was then exposed with the second designed mask 

under the UV light for 30 seconds. After that, the wafer was baked on the hot plate at 

110°C for 5 minutes. The photoresist on the area exposed to UV light is then stripped with 

the same developer for 120 seconds. Since the troubleshooting and optimization of the 

recipe for this 3D lithography were complicated, the detail will be mentioned in the 

upcoming section. Once the photoresist pattern was created, the same BOE etching 

procedure from section 3.1.4 was performed for the wafer. In the end, an oxide mask with 

the desired pattern was completed and it the wafer was ready for the N-type dopant ion 

implantation. Figure 4-7 shows the step creating the oxide mask for N-type doping area 

with 3D lithography technique.  

 

Figure 4-7 Fabrication process: 3D lithography for Mask #2 

 

 

 

 

 



38 

4.2.8. Pre-implant Oxidation  

To ensure that all the PN-junctions are as similar as possible, tilting should not be 

done during the ion implantation. However, we need to prevent the channeling effect [50]. 

Therefore, a thin layer of oxide was grown on top of all opening. Wet oxidation was done 

at 800°C for 40 minutes to create 20nm oxide.  

4.2.9. N-type dopant ion implantation 

The wafer was cleaned by RCA-1 and RCA-2 again to ensure that the surface is 

clean and ready for the implantation. The depth and profile of doped regions impact the 

device performance significantly. It is, therefore, necessary that these parameters are 

determined according to the device requirements. For this work, we decided to have 

junctions that were about 0.5um below the surface to isolate them from the surface effects. 

Figure 4-8 shows the steps for N-type dopant ion implantation. 

 

Figure 4-8 Fabrication process: Ion implantation 
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Doping parameters 

The recipe was optimized by doing a simulation with Synopsys to get the desired 

PN-junction depth for about 300nm on the <111> walls. After the implantation, all the oxide 

was etched by following the same procedure in section 3.1.4. 

The final dopant implantation parameters were: 

First implant: Dose = 1.2 × 1012 𝑖𝑜𝑛𝑠/𝑐𝑚2, Energy – 20keV, Tilt: 0 

Second implant: Dose = 4 × 1014 𝑖𝑜𝑛𝑠/𝑐𝑚2, Energy – 10keV, Tilt:0 

 

 

Figure 4-9 Simulation of doping profile on the flat silicon surface (top) and on the side walls (bottom) 
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 Figure 4-9 shows the simulation results on the <100> and <111> planes with the 

above parameters. Since the <111> plane has 54.75° angle with the flat silicon surface, it 

will have a shallower junction than the doped region on the flat silicon surface. As we could 

see from figure 4-9, the junction depth of the N-type doped region was 500nm on the 

<100> plane, meanwhile, the junction depth on the <111> plane was about 300nm. 

4.2.10. Oxidation/ Annealing  

Since ion implantation process involves the collision of high energy ions with the 

atoms of the substrate, the structure of the silicon will be damaged. Therefore, an 

annealing procedure is necessary to recover the silicon crystal as well as to activate the 

electrical property of the PN-junctions [51]. Moreover, a layer of oxide is needed for the 

separation between the electrical access of the N-type doping and the P-type doping. Also, 

the oxide layer could protect the devices from electrical leakage.  

Therefore, low-temperature wet oxidation was operated on the wafer. At the same 

time, the PN-junctions were also activated. The wafer was inside the wet oxidation furnace 

at 900°C for 2 hours. The thickness of the oxide created was 200nm measured by the 

reflectometer.  

4.2.11. 3D lithography for Mask #3 

The purpose of the via mask is to create the access points for the metal pad to 

both the n-type region p-type regions. The vias for each area was made by small holes in 

a matrix or an array. Figure 4-10 and Figure 4-11 shows the microscope captures for both 

inverted pyramid and raised pyramid respectively. As we can see, there is a chance that 

some of the holes were blocked during the developing process. Therefore, the more holes 

created in the region, the better the region was secured to gain a connection to the metal. 

Figure 4-12 shows the steps during the 3D lithography for mask #3. 
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Figure 4-10 Microscope screenshot of inverted pyramid after Mask #3 3D lithography 

 

Figure 4-11 Microscope screenshot of raised pyramid after Mask #3 3D lithography 

 

 

 

100 𝜇𝑚 

100 𝜇𝑚 
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Figure 4-12 Fabrication process: 3D lithography for Mask #3 
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4.2.12. Metallization 

Metallization was the step to deposit Aluminum on top of the silicon dioxide. The 

metal will connect both the n-type region and the p-type region with the routings on the 

oxide layer. Pads with the relatively more significant area will also be created on the oxide 

layer for testing with probes or wire bonded packages. This procedure includes 3D 

lithography for the Mask #4, metal deposition with evaporation method and photoresist lift-

off. The 3D lithography was completed by following the same process as the one for Mask 

#2. The purpose of the 3D lithography is creating the pattern for the metal layer for testing. 

After the photoresist mask was patterned, 300nm of Al99Si1 was deposited on the wafer 

with an evaporator in 4D Labs. In the end, the photoresist was lifted-off using acetone with 

sonicator in 4D Labs.  

 

 

 

Figure 4-13 Fabrication process: Metallization 
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 Figure 4-13 step 24) was the last step for the fabrication process. Figure 4-14 shows the 

image of the completed wafer after metallization. 

 

4.2.13. Packaging 

Following the metallization process, some of the diced chips with VLS devices 

should be packaged for characterization purpose. Each chip was mounted inside a Dual-

In-Line ceramic package (DIP). After that, electrical wiring between metal pads and 

external components was performed by wire bonder. Figure 4-15 was a read- to-test 

package with 4 VLS devices. Details of relevant parameters to control the wire bonding 

device is shown in Appendix.  

 

Figure 4-14 Picture of the wafer after lift-off 
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4.3. Corner compensation for raised pyramids 

To etch the three-dimensional pyramid structure, the silicon substrate was etched 

in a basic solution (e.g., in KOH). With proper mask design, the vastly different etch rates 

for different crystal directions can be employed to etch the pyramid from the substrate. In 

particular, we took advantage of the large selectivity of KOH and TMAH to etch <100> 

planes compared to <111> planes (up to 100:1 selectivity for <100>:<111> planes if KOH 

is used). To create a raised pyramid with sharp corners, different additional structures 

need to be added to the basic layout [52]–[54]. The etching for inverted pyramid structure, 

on the other hand, is straightforward as long as the sidewalls are properly aligned to 

expose the <111> planes on the sides of the structure. The inverted pyramid has four 

 

Figure 4-15 Wire bonded package 
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concave corners, formed by four <111> sidewalls. In this case, each corner is nicely 

shaped, and no corner compensation method is needed for this structure.  

On the other hand, for raised structure, undercutting at the convex corner [55] is 

occurred during the wet anisotropic etching. To create nice and smooth convex corners, 

square-shaped was used to compensate. Figure 4-16 shows the design for 20um height 

raised structure. Squares for compensating were at the corners of the main structure. The 

dimension of the square was designed to be double the height of the raised structure.  

 

There were three different designs for raised structures in the same wafer with 

different heights: 20um, 60um, and 100um. Therefore, three different wafers were used 

with varying lengths of time for wet anisotropic etching. As a result, on the wafer with 

etching for 20um, the structures for 60um and 100um were not pyramids with perfect 

convex corners. Figure 4-17 showed the raised structure designed for 60um but etched 

 

Figure 4-16 Square-shaped design for compensating structures 
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for 20um. Moreover, Figure 4-18 showed the raised structure designed for 60um and 

etched with 60um as well. As a result, the square-shaped corner compensation design 

efficiently created smooth convex corners for raised structures.  

 

 

 

 

Figure 4-17 Raised structure designed for 60um with 20um height 
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4.4. Optimization of 3D lithography 

 In this section, an optimization with a few essential parameters for the 3D 

lithography procedure was performed: 

• Thickness of photoresist 

• Exposure time 

• Developing time 

• Baking conditions 

 

Figure 4-18 Raised structure designed for 60um with 60um height 
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Soft bake recipe after spray coating, hard bake recipe after exposure, developing 

time, and post-development bake recipe are easier procedures to change parameters and 

to optimize.  

Soft bake of photoresist [49] was done after photoresist deposition. The photoresist 

is baked to drive off solvents and to solidify the film. Soft bakes are commonly performed 

on hot plates, and typical temperatures range from 90 to 110˚C. The reason why the 

process needed to be optimized is the high thickness of the photoresist deposited on the 

wafer. The higher the temperature of the soft bake, the more robust the photoresist will 

be. However, the evaporation rate of the solvent cannot be too rapid. Otherwise it will 

cause bubbles on the surface. Figure 4-19 shows a microscope image of a surface with 

bubbles produced by the missing time for the soft bake. Also, soft bake must be done right 

after photoresist deposition to prevent the solvent from drying. The solution for this issue 

was to lower the temperature to 90˚C but increase the baking time to 5 minutes.  

 

 

Figure 4-19 Post development silicon wafer surface with bubbles 
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The next important procedure was an additional photoresist bake after exposure 

or post exposure bake (PEB). A PEB will help smooth rough feature sidewalls caused by 

standing waves characteristic of thin film interference in a monochromatic exposure 

process [57]. A PEB process is essential before developing the photoresist. Without PEB 

the resist would not develop or only be developed at a meager rate.  

Since the smallest resolution in this fabrication process was 10um, over developing 

the exposed area was allowed and necessary to ensure such a thick layer of photoresist 

would be able to be removed. Moreover, even though with perfect developing time and an 

ideal result for the inverted pyramid, it might not be an excellent result for the raised 

pyramid. Because the spray coating photoresist on the wafer was relatively too thick, and 

during the deposition, a lot of photoresists was accumulating at the bottom of the side 

walls of the raised pyramid. However, if the wafer was too much overdeveloped, the 

primary issue will be a short circuit between the opening of side walls.  

 

4.5. Ion implantation vs. diffusion  

The first batch of the fabricated devices was tested by Keithley 2400 source 

measure unit (SMU) and probe station. Unfortunately, most of the IV characteristic graphs 

of the diodes in the devices shows linearly increasing high leakage current in the reverse-

 

Figure 4-20 Voltage sweep between two N-regions of neighbor diodes 
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bias region moreover, if we probe two neighbor diodes in series and sweep the supply 

voltage from -15V to 15V as followed in figure 4-20, the current responded similarly as an 

ohmic contact which was not expected. 

Figure 4-21 indicates the current response with the voltage sweeping from -15V to 

15V. The reactions were similar with the connections between the N-regions on the 

opposite facets.  

We suspected that some issues occurred during the ion implantation process. It 

was possible that N-regions were not firmly separated from each other because of the 

implantation energy. Eventually, we decided to start a second fabrication run. The process 

flow of the second fabrication run was identical to the first run except for using the diffusion 

method instead of ion implantation. The diffusion recipe was copied from the previous 

grad students in Intelligent Sensors Laboratory which is: 

 Phosphorus diffusion: 975°C for 30minutes 

 

Figure 4-21 IV plot for voltage sweep between two N-regions of neighbor diodes 
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 Low-temperature Oxidation: 800°C for 3 hours 

Based on the recipes developed by Amin Rasouli, a secondary ion mass 

spectrometry (SIMS) was completed on the doped area from the above recipe [58]. From 

the SIMS, it could be expected that the junction depth would be about 1um.  

The new devices were tested again by sweeping the voltage from -15V to 15V 

between two N-region. The result shows in figure 4-22 as followed: 

 Significant enhancement was achieved from the second fabrication run. The 

breakdown voltages for both the diodes were about -10V. The reverse-bias current before 

breakdown was about 10uA. 

 

 

Figure 4-22 IV plot for voltage sweep between two N-regions of neighbor diodes with a 
diode from the second fabrication run 
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4.6. SEM images for devices 

Figure 4-23 shows an SEM image for a raised pyramid designed with 20um height. 

The contrast difference separated the doped region and undoped region. The smallest 

distance between the two doped regions at the corner of the pyramid was 3.36um. The 

purpose of the measurement was to ensure that doped regions would not connect. Figure 

4-24 is a zoomed-in image for a closer look at the corner. The substrate was tilted 30° 

towards the camera.  

Similarly, Figure 4-25 shows the SEM image for completed inverted pyramid. 

 

 

Figure 4-23 SEM image for raised pyramid 
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Figure 4-24 SEM image for raised pyramid at the corner 
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Figure 4-25 SEM image for inverted pyramid 
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Chapter 5. Results and Device Characterization 

In this chapter, we are discussing the method and the result of testing and 

characterizing the fabricated device. The essential testing steps were done as follows: 

Characterization of the electrical properties of PN-junctions of a device, light sensitivity of 

the PN-junction, and angle estimation performance of the device in the 2D plane and 3D 

space. Since the fabrication process was manually achieved, none of a pair of 

photodiodes is identical. Therefore, the dark leakage current from each diode is different. 

Also, the sensitivity of the reverse bias current of each diode with different light is different 

as well. As a result, a calibration process before the device testing and performing were 

essential. Moreover, for actual industrial applications, the sensors will be exposed in daily 

life environment with numbers of light sources other than the target light source. The 

current generated by the photodiodes from the background light can be canceled by using 

a closed-loop amplifying circuit and with Arduino circuit board.  

5.1. Diode characterization 

This section analyzes the characteristic of the diodes from the fabricated devices 

including the IV curves for the forward bias region, reverse bias region and the sensitivity 

to the change of light intensity applying on the diode surface. 

5.1.1. Forward bias region 

All the diodes from the wire bonded devices were characterized by Keithley 2400 

SMU. Positive supply was connected to the P-regions, and the negative one was 

connected to the N-regions of the diodes. The characteristics from the diodes on a four-

pyramid chip were similar. Figure 5-1 indicates an IV response plot of one of the PN-

junctions from a fabricated inverted pyramid by sweeping the voltage difference between 

P-region and N-region from 0V to 1V. In the forward bias region, the diode current started 

increasing at about 0.7V which was as expected since normal PN-junction formed on 
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silicon has 0.7V turn-on voltage [59]. Moreover, when a diode is forward biased with a 

higher voltage, the series resistance of the diode will dominate in electrical contribution.   

 

5.1.2. Reverse bias region 

Similarly, a negative voltage was applied to the PN-junction from -10V to 0V. The 

result was shown in figure 5-2. The breakdown voltage for the diode was about -10.5V, 

that is, the diode can work with good performance within -10V supply voltage. Also, the 

reverse bias current of the diode was slowly and smoothly increasing from 0.15uA to 10uA 

with the supply voltage sweeping from 0V to -10V.  

Therefore, in accuracy perspectives, the lower the voltage supplied to the diode, 

the less offset dark current was generated. The dark current would be negligible 

comparing to the current generated by the light photons if the diode was biased with 0V.  

 

 

Figure 5-1 IV curve of a diode on the fabricated device with voltage sweeping from 0V 
to 1V 
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5.1.3. Sensitivity to light 

Different light intensity was applied to the diode have been tested in the sections 

above. The actual irradiances of the light source were estimated by a commercial 

reference diode beside the fabricated device. The diode BPW34 was reverse biased with 

5V and sitting under a light source with five different intensities. Five diode currents were 

collected respectively. By checking the datasheet [58], the corresponding irradiances from 

the light source to the diode surface were estimated. Under the same light intensities from 

the light source, diode currents generated by the diode from VLS were collected with 0V, 

1V, 3V, and 5V reverse voltages. Figure 5-3 shows the plot of light irradiances vs. diode 

currents for the fabricated device with different reverse voltages. The plot shows that with 

higher reverse voltage, the rate of change in current was the highest, that is, the sensitivity 

was the greatest.  

 

 

Figure 5-2 IV curve of a diode on the fabricated device with voltage sweeping from -11V 
to 0V 
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When the diode was biased with a 5V reverse voltage, the sensitivity was 

calculated as 6.88 𝜇𝐴 ∙ 𝑐𝑚2/𝑚𝑉  comparing to 50 𝜇𝐴 ∙ 𝑐𝑚2/𝑚𝑉  for BPW34 commercial 

photodiode. It was reasonable to have such a different since the light sensing area of the 

VLS diode was much smaller than BPW34.  

As a result, with certain amount of reverse voltage, the sensor has higher 

sensitivity but also higher dark current. To contribute a better performance and accuracy, 

building an amplifying circuit is essential for signal amplifying and dark/background current 

cancellation if the target light source has weak light intensity. 

 

 

 

Figure 5-3 Irradiance vs. reverse diode current with different reverse voltages for a 
diode from VLS 
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5.2. Test setup 

5.2.1. Data processing 

The equations developed from chapter 2 are assuming that all the sensors are 

identical without any dark currents. To make the sensors be able to proceed the algorithm 

with the equations, calibration is needed before the testing. Since each 𝛽 value was only 

calculated by a pair of diodes with opposite directions on a single pyramid structure, the 

calibration was done pair by pair. At the beginning, the device was placed in dark 

environment with a ceramic lid covered on the package. Since a single calibration process 

was done with a pair of diodes, the dark currents from different directions could be named 

IDleft and IDright.  

Once the dark currents from all the diodes were collected, the next step was to 

detect the relative sensitivities of the diodes. A light source was placed on top of a pyramid 

structure which β=90°. The currents collected at this time were called I1left  and I1right . 

Another light source was applied again at the same spot with different light intensity. The 

currents will then change correspondingly as I2left and I2right. With two different current 

values with two separate incident light intensities for one diode, the sensitivity of the diode 

could be determined. To make their sensitivities similar, a multiplier would be applied on 

either the left or the right diode: 

𝑀𝑟𝑖𝑔ℎ𝑡 =
I2left−𝐼1𝑙𝑒𝑓𝑡

𝐼2𝑟𝑖𝑔ℎ𝑡−𝐼1𝑟𝑖𝑔ℎ𝑡
                                                                                                  (29)  

If the raw data from left and right diodes are I0left and I0right, then the processable data 

after calibration would be: 

𝐼𝑙𝑒𝑓𝑡 = 𝐼0𝑙𝑒𝑓𝑡 − 𝐼𝐷𝑙𝑒𝑓𝑡, 𝐼𝑟𝑖𝑔ℎ𝑡 = 𝑀𝑟𝑖𝑔ℎ𝑡(𝐼0𝑟𝑖𝑔ℎ𝑡 − 𝐼𝐷𝑟𝑖𝑔ℎ𝑡)                                                   (30) 

Equation (30) was always applied with raw data before using the equations in device 

structure and operating principle chapter. 
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5.2.2. Testing interface 

The test setup for the fabricated devices is introduced in figure 5-4. The didoes on 

the pyramid facing four different directions were reverse biased. A shared P-junction 

connection for all four diodes was connected to 𝑉𝑒𝑒 , and each N-junction contact was 

connected to a transimpedance amplifier (converting current into voltage as shown in 

‘Block A’). The device was placed under collimated light beams from different directions. 

The outputs were collected by NI PXIe-1085 DMM. 𝑉𝑒𝑒 was −1𝑉, 𝑅1 was 1𝑘Ω, and the op-

amp was powered with ±5𝑉. The estimated directions of the light beams were calculated 

in Matlab with the collected outputs.  

The performance of the fabricated devices were tested inside a dark room with 

sidewalls covered by black blind paper. The room was about 7 ft. Height and 10 square ft. 

in the area. A collimated light source was mounted at the ceiling and pointing vertically to 

the center of the room. Also, an optical film was added in front of the light source so that 

a matrix pattern was generated from the light source as shown in Figure 5-5.  

Even though the light intensity of each light source was not evenly distributed, the 

working sensor would still be able to estimate the angle and location of the beams. The 

reason for this was all the angle, distance and position estimations were based on the 

 

Figure 5-4 Device testing interface 
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ratio of the two opposite direction diodes instead of using the actual value of the current 

generated by the diodes. Therefore, the calculated result was regardless of the brightness 

of the light source itself. To test the efficiency and performance of the light sensor, the 

distance of each beam was measured as well as the height of the light source from the 

table the sensor was sitting. All the diodes from the pyramid were then powered and 

reverse biased. The sensor was placed and entirely covered by one of the beams, and all 

the outputs from all the diodes on the sensor were collected. After the data was collected, 

the sensor was moved to another beam, and the data collection was repeated. With the 

received data and the algorithm, the angles in 2D and the directions in 3D of the beams 

would be estimated.  

 

5.3. Device functionality testing 

The following sections are the comparisons between the actual values and the 

results calculated from the light sensing system. The sensor was placing at seven different 

locations under the light beams with corresponding angles in 2D and 3D. The locations 

the sensor was placing is indicated and numbered in table 5-1 and figure 5-6. The vertical 

distance between the light source and the testing bench was measured as ≈120cm. The 

 

Figure 5-5 Device testing environment and light source 
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distances between beams were measured so that the actual 2D and 3D angles of all the 

beams to the sensor were calculated as shown in table 5-1.  

where beam #4 was perpendicular to the work bench, that is, both 𝛽𝑁𝑆 and 𝛽𝑊𝐸 were 90°.  

The outputs from four diodes were collected under all the light beams, then the 

measurements were repeated 10 times with the same device. The same measurement 

was also repeated once with another two devices.  

Table 5-1 Parameters for the beams for 2D angle estimation 

Beam # 1 2 3 4 5 6 7 

𝛽𝑁𝑆(°) 120 110 100 90 80 70 60 

𝛽𝑊𝐸(°) 120 110 100 90 80 70 60 

 

 

Figure 5-6 Light beams for testing the functionality of the VLS 
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Estimating the angle 𝜷 

After data was collected from diodes, the angles were estimated by the equations 

developed in chapter 3. Figure 5-7 shows the comparison between estimated angles and 

actual angles for 𝛽𝑁𝑆. As we could see from the figure, the determined result versus the 

actual result is showing a linear trend as desired. However, when the sensor was placed 

at either beam #1 or beam #7, the results were the furthest apart from the expected value. 

The mean value of the results from beam #1 was estimated at 65° which was 5° different 

from the real value, and the result from beam #7 has a 4° difference from the actual value.  

 

Figure 5-7 Comparison between estimated angles and actual angles for 𝜷𝑵𝑺 with one 
device and 10 repeated measurements 
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Moreover, with the data collected, 𝛽𝑊𝐸 were also estimated: 

Similarly, the plot has a linear trend with the comparison between estimated angles 

and actual angles for 𝛽𝑊𝐸. However, the estimated results from the West-East pair got 

more offset from the expected values. The mean value of the results from beam #1 was 

estimated at 67° which was 7° different from the real value, and the result from beam #7 

has a 8° difference from the actual value. The performance across devices would be 

different based on the misalignment during the lithography process.  

As shown from the figure 5-7 and figure 5-8, the further the device was placed from 

beam #4, the less accurate the result was. Since silicon dioxide is a reflective material 

[60], the results would be affected by the reflection to the silicon surface. Moreover, the 

result was also affected by the parasitic doped area for each diode (see figure 5-9). As 

indicated in the figure, the doped area on the <100> plane was about one-third of the one 

on the <111> plane.  

 

 

Figure 5-8 Comparison between estimated angles and actual angles for 𝜷𝑾𝑬 with one 
device and 10 repeated measurements 
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In order to test the repeatability among different devices, the measurements were 

 

Figure 5-10 Comparison SEM image of a raised pyramid 

 

 

 

 

 

 

 

Figure 5-9 Comparison between estimated angles and actual angles for β with six pairs 
of optical detectors on pyramids 
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repeated with another two wire-bonded inverted pyramid packages. With one pyramid and 

the measurement with seven light beams, two 𝛽s could be estimated. Therefore, with 

three pyramids, six 𝛽  would be estimated. Figure 5-10 demonstrates that, the testing 

results were repeatable with different devices. The highest deviation from the estimated 

results was 5° when 𝛽 was at 90°.  

Estimating the angle θ 

With the estimated 𝛽𝑁𝑆  and 𝛽𝑊𝐸  results from figure 5-7 and figure 5-9, the 

corresponding 3D polar angle 𝜃 for each beam was also estimated.  

 Figure 5-11 indicates the comparison between the actual angles and the estimated 

angles for θ. Similarly, the further were the estimated polar angles from 0°, the less 

accurate were the results. The mean value of the results from beam #1 was estimated at 

32° which was 7° different from the real value, and the result from beam #7 has a 6° 

difference from the actual value. On the other hand, the mean value of the result at location 

#3 was at the ideal value which was 14°. As a result, the best range to perform the 

 

Figure 5-11 Comparison between estimated angles and actual angles for θ 
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functionality estimating the polar angles 𝜃 is within 10°. The range of vision could be 

increased by arranging the pyramids in arrays in the future.  

Estimating the angle φ 

Similarly, comparison between actual value and estimating value of φ was also 

completed as shown in figure 5-11.  

The results from beam #1-3 were 42°, 44° and 43° respectively, which were close 

to the ideal value. Similarly, beam #5-7 also have the estimated values close to the actual 

values. Moreover, since the estimated value from beam #4 could be from -180° to 180°, 

the standard deviation of the result was much higher than the others.  

In conclusion, the mathematical model of the VLS was proven by micro-scale 

fabricated raised/inverted pyramid structures. The functionality for estimating angles in 2D 

and in 3D was tested with multiple collimated light sources. The results from the 

measurements were repeatable with multiple measurements by one device, also with 

multiple devices.  

 

Figure 5-12 Comparison between estimated angles and actual angles for φ 
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Chapter 6. Conclusions and future work 

In this thesis, a directional light sensor with the use of PN-junctions on both raised 

and inverted pyramid structures was investigated. the basic concept of the light detection 

was that reversed bias current of a photodiode varies with the changing of light intensities 

applied on the surface of it. The direction of a targeted light source was detected by 

comparing all the reverse photo currents pass through photodiodes from different 

sidewalls of the pyramid structures.  

The calculating algorithm was invented to detect the direction of a targeted light 

source related to the pyramid structure by a pyramid with four photodiodes on each side 

and the position of a light source in 3D space by two pyramids with a certain separation 

to each other. After that a signal processing method was created by a circuit with operating 

amplifiers in order to amplifier the output current and cancel out the dark current. The 

electric circuit was integrated on a printed circuit board (PCB) which is designed as a 

shield of Arduino Due board with a plug for the package with the fabricated device. 

Afterwards, four masks for the actual light sensing devices were designed by 

CoventorWare. A fabrication process was done on a 4” silicon wafer with the designed 

masks. There were 6 different designs on the wafer: 20um, 60um and 100um in depth for 

both inverted and raised pyramid. Unfortunately, the designs for 60um and 100um were 

gave up base on the challenge of 3D lithography with spray coated photoresist for 

structures deeper than 20um. The wafer was diced by dicing saw into 7mm by 7mm small 

chips. Finally, the chips were wire bonded with gold wires into 40-pin packages.  

The device was tested with light beams from high concentrated laser for the 

performance of directional detection. The performance was close to the simulation result, 

which with the largest variation as 7°. However, the estimation of position in 3D space 

cannot be tested with collimated light source since the beam size of the light is too small. 

Somehow the light sensor was not perfectly sensitive to normal light bulb because of the 

size and reflection from the surface. Fixing this issue will be the most essential future work. 

To enhance the performance of the sensor for detecting normal size light source, we 

could: 
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 Increase the size of the pyramid structure in terms of depth and diameter. To 

increase the depth, a better method could be used for 3D lithography other than 

spray coating. 

 Improve the design for the metal layer. Let the metal cover most of the area on the 

wafer to decrease the amount of reflection from the silicon surface. 

Once the performance of the device is enhanced and it is able to detect the distance 

from light source to the device, more applications could be performed by the device. 

Another photodiode would be added on top of the raised pyramid or at the bottom of the 

inverted pyramid. An improved calculating algorithm with the new design could make the 

device be able to detect multiple light sources. Moreover, the pyramid structure with 

photodiodes could be fabricated into arrays. The new chip could be working with a camera 

together to estimate the actual size of the object in the image. 
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Appendix A. Fabrication details 

Details of silicon anisotropic etching process 

Etchant Solution preparation Etch rate Etched depth 

KOH -Place 500ml of 45% KOH solution into baker, then 

add 365ml of DI water. 

-Heat up to 80⁰C, then add 150ml IPA. Place wafer 

into the solution when the temperature was stable at 

80⁰C. 

-Turn on magnetic spinner at 120RPM 

-Keep wafer in solution for 20 minutes 

0.158Å/s 19µm 

TMAH -Place 1L of TMAH solution, heat up to 80⁰C, then add 

200ml IPA. Place wafer into the solution when the 

temperature was stable at 90⁰C. 

-Turn on magnetic spinner at 120RPM 

-Keep wafer in solution for 3 minutes 

0.056Å/s 1µm 
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Details of the fabrication process 

Run sheet Recipe 

1. RCA – 1 80°C for 10 minutes 

2. HF Dip Room temperature for 30 seconds 

3. RCA – 2 80°C for 10 minutes 

4. Wet oxidation  1100°C for 55 minutes 

Dry N2 @ 4 scfh 

5. Hot plate 110°C for 2 minutes 

Cool down for 1 minute 

6. HMDS deposition 5 minutes 

7. Spin coating  @ 300RPM for 60s 

8. Hot plate 90°C for 1 minutes 

Cool down for 1 minute 

9. Exposure 4 seconds 

10. Hot plate 110°C for 1 minute 

Cool down for 1 minute 

11. Development  120 seconds 
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12. Water rinse 3 minutes 

13. Hot plate 110°C for 3 minutes 

14. BOE etching  9 minutes 30 seconds 

15. Strip PR - Acetone 4 mins in sonicator 

- IPA 2 mins 

- Water 2 mins 

16. KOH etching 80°C for 20 minutes 

17. TMAH etching 90°C for 3 minutes 

18. Oxide etching 9 minutes 30 seconds 

19. RCA clean  -80°C for 10 minutes 

-Room temperature for 30 seconds 

-80°C for 10 minutes 

20. Wet oxidation 1100°C for 55 minutes 

Dry N2 @ 4 scfh 

21. Hot plate 110°C for 2 minutes 

Cool down for 1 minute 

22. HMDS deposition 5 minutes 
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23. Spray coating 6 layers diluted 1:1 AZ 703 PR 

24. Hot plate 90°C for 3 minutes 

25. Exposure 30 seconds 

26. Hot plate 110°C for 3 minutes 

27. Development 3 minutes 

28. Hot plate 110°C for 3 minutes 

29. BOE etching 12 minutes 45 seconds 

30. Strip PR Acetone 4 mins in sonicator 

IPA 2 mins 

Water 2 mins 

31. RCA – 1 & RCA – 2 -80°C for 10 minutes 

-80°C for 10 minutes 

32. Ion implantation 
Dose: 1.2E12, Energy: 20keV 
Dose: 4E14, Energy: 10keV 

 

33. BOE etching 
12 minutes 45 seconds 

34. RCA clean -80°C for 10 minutes 

-Room temperature for 30 seconds 

-80°C for 10 minutes 



80 

35. Wet oxidation 900°C for 2 hours 

Dry N2 @ 4 scfh 

36. Hot plate 110°C for 2 minutes 

Cool down for 1 minute 

37. HMDS deposition 5 minutes 

38. Spray coating 6 layers diluted 1:1 AZ 703 PR 

39. Hot plate 90°C for 3 minutes 

40. Exposure 30 seconds 

41. Hot plate 110°C for 3 minutes 

42. Development 3 minutes 30 seconds 

43. Hot plate 110°C for 3 minutes 

44. BOE etching 10 minutes 

45. Strip PR Acetone 4 mins in sonicator 

IPA 2 mins 

Water 2 mins 

46. Hot plate 110°C for 2 minutes 

Cool down for 1 minute 

47. HMDS deposition 5 minutes 
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48. Spray coating 6 layers diluted 1:1 AZ 703 PR 

49. Hot plate 90°C for 3 minutes 

50. Exposure 30 seconds 

51. Hot plate 110°C for 3 minutes 

52. Development 3 minutes 30 seconds 

53. Hot plate 110°C for 3 minutes 

54. RCA – 1 & RCA – 2 -80°C for 10 minutes 

-80°C for 10 minutes 

55. HF Dip  Right before metal deposition 

-Room temperature for 30 seconds 

56. Evaporation Al/Si deposition 16cm Al/Si wire 

Current at 35A 

Deposition rate ~ 0.5nm/s 

57. Lift-off Soak in Acetone for 10 minutes 

Sonication for 10 minutes 

Rinse with IPA for 1 minute 

Water rinse for 3 minutes 
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Appendix B. Feasible parameters for wire bonding  

 

 

 

 

 

 

 

 

 

 

 

 

 

Always keep the same parameter 
for Al/Si pad to gold package 
with gold wires 

Base Height 10cm

Loop 6.8

Tail 7.5

1st Power 2.5

2nd Power 4.4

1st Time 4.8

2nd Time 5.6

1st Force 1

2nd Force 1.2


